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Abstract
Personalized medicine requires the identification of unambiguous prognostic and predictive 
biomarkers to inform therapeutic decisions. Within this context, the management of lymph node-
negative breast cancer is the subject of much debate with particular emphasis on the requirement 
for adjuvant chemotherapy. The identification of prognostic and predictive biomarkers in this 
group of patients is crucial. Here, we demonstrate by tissue microarray and automated image 
analysis that the cocaine- and amphetamine-regulated transcript (CART) is expressed in primary 
and metastatic breast cancer and is an independent poor prognostic factor in estrogen receptor 
(ER)-positive, lymph node-negative tumors in two separate breast cancer cohorts (n = 690; P = 
0.002, 0.013). We also show that CART increases the transcriptional activity of ERα in a ligand-
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independent manner via the mitogen-activated protein kinase pathway and that CART stimulates 
an autocrine/paracrine loop within tumor cells to amplify the CART signal. Additionally, we 
demonstrate that CART expression in ER-positive breast cancer cell lines protects against 
tamoxifen-mediated cell death and that high CART expression predicts disease outcome in 
tamoxifen-treated patients in vivo in three independent breast cancer cohorts. We believe that 
CART profiling will help facilitate stratification of lymph node-negative breast cancer patients into 
high- and low-risk categories and allow for the personalization of therapy.
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Introduction
Transcriptomic profiling of tumor specimens has identified a large number of breast cancer-
associated genes for which the patho-physiological significance remains unknown. 
Previously, we described the discovery of novel breast cancer biomarkers through 
bioinformatic mining of publicly available data sets (O’Brien et al., 2007). In this manner, 
following re-analysis of the Van’t Veer et al. (2002) breast cancer data set, we identified the 
cocaine- and amphetamine-regulated transcript (CART) as a gene specifically upregulated in 
breast tumors with poor prognosis (O’Brien et al., 2007).
Originally described as a transcript upregulated in rat striatum after acute administration of 
cocaine and amphetamine (Douglass et al., 1995), CART is a leptin-regulated neuropeptide 
hormone (Kristensen et al., 1998) implicated in a variety of physiological and pathological 
processes, including regulation of body mass (Rogge et al., 2008), inhibition of food intake 
(Arora and Anubhuti, 2006), energy homeostasis (Koylu et al., 2006), bone metabolism 
(Elefteriou et al., 2005) and neuroendocrine malignancy (Bech et al., 2008).
In this study, we describe the prognostic value of CART in lymph node-negative breast 
cancer and its molecular mechanism of action in vitro. We demonstrate that CART is 
expressed in primary and metastatic breast cancer and, using a consistently applied threshold 
for definition of CART levels, that high CART expression is an independent poor prognostic 
marker in lymph node-negative tumors. We also show that CART mediates an autocrine/
paracrine effect, leading to an amplification of the CART signal via induction of CART 
expression in breast cancer cells. Furthermore, CART increases the transcriptional activity of 
estrogen receptor-α (ERα) in a ligand-independent manner via activation of the mitogen-
activated protein kinase (MAPK) pathway and phosphorylation of ERα at serine 118. 
Finally, we show that ectopic expression of CART in two independent ERα-positive breast 
cancer cell lines protects against tamoxifen-mediated cell death and that high CART 
expression predicts outcome in tamoxifen-treated patients in vivo.
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CART is expressed in primary breast cancer and lymph node metastases
CART protein expression was examined in normal breast epithelium, pimary breast tumors 
and lymph node metastases. Immunohistochemistry performed on 10 single patient tissue 
microarrays (TMA) containing normal breast epithelium, invasive cancer and lymph node 
metastasis and revealed high levels of tumor-specific CART protein expression in 20% of 
cases. CART expression was restricted to tumor cells and no stromal expression was evident 
(Figure 1a). The expression pattern was predominantly cytoplasmic; however, some 
membranous and granular staining was also seen. When present in the primary tumor, CART 
protein expression was also evident in the corresponding lymph node metastases. CART 
expression was not evident in normal breast epithelium in the 10 cases examined.
CART stimulates CART expression in an autocrine/ paracine fashion
Western blot and immunohistochemistry analysis showed that CART was not expressed in a 
panel of breast cancer cells under normal growth conditions (Supplementary Figure 1A); 
therefore, MCF-7 breast cancer cells were transiently transfected with a CMV-CART 
expression construct. Ectopic expression of CART in MCF-7 cells resulted in increased ERα 
levels and a corresponding increase in progesterone receptor (PR), an endogenous ERα 
target gene (Figure 1b). Furthermore, similar to previous observations in bovine granulosa 
and AtT20 murine pituitary tumor cells (Lakatos et al., 2005; Jia et al., 2008; Sen et al., 
2008), CART expression in breast cancer cells led to the activation of the MAPK pathway as 
evidenced by an increase in phosphorylation of extracellular signal-regulated kinase (Figure 
1b). Moreover, CART was also secreted from MCF-7 cells, raising the intriguing possibility 
that it may also exert autocrine or paracrine effects (Figure 1b). Indeed, treatment of MCF-7 
cells with CART-conditioned culture medium revealed that CART does stimulate an 
autocrine/paracine loop when compared with medium collected from cells not expressing 
CART, resulting in the amplification of CART expression at both the protein and mRNA 
level (Figures 1c and d). Furthermore, this effect was not limited to ER+ cell lines as 
treatment of both MCF-10A and MDA-MB-231 cells with CART-conditioned media also 
resulted in the induction of CART expression (Figure 1e).
CART activates ER transcriptional activity in a ligand-independent manner through the 
MAPK pathway
To examine the effect of exogenous CART on breast cancer cells, MCF-7 cells grown in 
hormone stripped/ phenol red-free media were treated with recombinant human CART(42–
89) peptide, which resulted in a concentration-dependent upregulation of ERα at nano-molar 
concentrations (Figure 1f). As observed following ectopic expression of CART in MCF-7 
cells (Figure 1b), treatment with 10 nM recombinant CART peptide activated the MAPK 
pathway (Figure 2a) and, in addition, induced the phosphorylation of ERα at serine 118 
(S118; Figure 2a).
Because S118 phosphorylation is a proven mechanism of ligand-independent activation of 
ERα via the MAPK pathway (Kato et al., 1995), the effect of CART stimulation on the 
induction of ERα transcriptional activity was examined. MCF-7 cells transfected with an 
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estrogen responsive element-luciferase (ERE-Luc) reporter demonstrated clear activation of 
the reporter gene following treatment with CART peptide, to a similar extent as 17β-
estradiol-mediated activation (Figure 2b). Furthermore, CART stimulation resulted in the 
induction of the endogenous ERα target gene PR (Figure 2a), suggesting that CART does 
indeed induce the transcriptional activation of ERα.
Suppression of the MAPK pathway by pre-treatment of MCF-7 cells with a Mek inhibitor 
(U0126) prevented CART-mediated induction of ERα and prevented the CART-stimulated 
phosphorylation of ERα at S118 (Figure 2a). Furthermore, MAPK inhibition resulted in a 
loss of accumulation of PR following CART treatment (Figure 2a), demonstrating that 
CART stimulates the ligand-independent activation of ERα through MAPK-mediated 
phosphorylation of ERα at S118. To confirm these findings, ER-negative MDA-MB-231 
breast cancer cells were transfected with an ERE-Luc reporter and either wild-type ERα or 
ERα with a mutation of serine 118 to alanine. Substitution of S118 for alanine had no effect 
on the ability of 17β-estradiol to activate ERα (Figure 2c); however, the mutation almost 
completely abrogated CART-mediated activation of the ERE-luc reporter (Figure 2d), 
proving that MAPK-mediated phosphorylation at S118 is responsible for CART-mediated 
activation of ERα. A model describing the activation of ERα by CART is shown in 
Supplementary Figure 2.
CART is an independent prognostic factor in lymph node-negative tumors
Having demonstrated the phenotypic effects of modulating CART expression in breast 
cancer cells, we proceeded to examine CART protein expression in two independent breast 
cancer cohorts represented on TMAs using a manual cytoplasmic intensity score and 
automated image analysis (patient characteristics are described in Supplementary Table 1). 
Antibody specificity was confirmed by both immunohistochemical analysis of cell pellets 
(Supplementary Figure 1B) and western blotting (Supplementary Figure 1C). Manual 
analysis of CART status was classified using a cytoplasmic intensity score (0 = negative, 1 + 
= weak, 2 + = moderate and 3 + = strong), with low CART defined as 0, 1 and 2 + and high 
CART defined as 3 +. For automated image analysis, we used a threshold of median 
intensity plus one s.d. (which corresponded to an RGB (red, green, blue) intensity of 90, or 3 
+ on the manual scoring scale). Moreover, the correlation between manual analysis and 
automated analysis was excellent (r = 0.79, P<0.001), and the separation between low CART 
(0, 1+ and 2+) and high CART (3+) can be clearly seen (Figures 3b and c). In cohort I (n = 
512, predominantly post-menopausal patients), 318 tumors (62%) were suitable for analysis 
and representative cores with relevant mark-up images are shown in Figure 3a. Automated 
image analysis identified 46 tumors (14.5%) demonstrating high levels of CART expression, 
which correlated with older age at diagnosis (P = 0.033; Supplementary Table 2).
Kaplan–Meier analysis revealed a significant association between high CART expression 
and decreased overall survival (OS) within the entire cohort (P = 0.0002; Figure 4a). Age-
adjusted Cox multivariate analysis of OS revealed that CART was still a significant predictor 
of reduced OS (hazard ratio (HR) = 2.06, 95% confidence interval (CI) 1.42–2.96, P < 
0.001) in the entire cohort; however, multivariate Cox regression analysis of OS controlling 
for age, grade, lymph node status, tumor size, ER, Her2 and Ki-67 demonstrated that CART 
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was not an independent prognostic marker (HR = 1.29, 95% CI 0.79–2.10, P < 0.312; Table 
1).
Subset analysis of cohort I revealed that high CART expression was associated with reduced 
OS in lymph node-negative tumors (P = 0.0025; Figure 4b); however, this effect was not 
seen in lymph node-postive patients. Furthermore, age-adjusted multivariate analysis in this 
group confirmed the association between increased levels of CART and reduced OS (HR = 
2.43, 95% CI 1.36–4.31, P = 0.003; Supplementary Table 1). This effect was maintained in 
the multivariate model described above (HR = 1.98, 95% CI 1.02–3.86, P = 0.042) 
demonstrating that increased CART expression is an independent prognostic marker in 
lymph node-negative breast tumors (Table 1).
In order to expand our analysis, CART expression was further examined in pre-menopausal 
patients in cohort II (n = 500), where 372 tumors (74%) were suitable for analysis. Again, 
data were dichotomized using the same scoring model as cohort I (cut off RGB = 90 for 
automated analysis, 3 + for manual analysis) and 16.4% of tumors (n = 61) expressed high 
levels of CART. The mean age of patients with high CART expression was again older (P = 
0.007); however, no relationship was seen between CART expression and other 
clinicopathological parameters (Supplementary Table 2). Given our previously mentioned 
findings suggesting that CART activated ERα in a ligand-independent fashion, we examined 
the relationship between CART and ERα and PR in cohort II. This was a relatively 
homogenous cohort, restricted to premenopausal women, all of whom were treated in a 
uniform fashion. There were no PR-negative tumors in the ER-positive/CART high group, 
suggesting that CART increases the expression of PR in premenopausal patients. This effect 
was not changed by tamoxifen treatment validating our in vitro findings (Figures 1 and 2).
There was no association between CART expression and OS in the entire cohort II (Figure 
4c). It should be noted that the mean age of patients in cohort I was higher than that of 
cohort II (65 v 45) and that cohort II also contained a greater number of lymph node-positive 
cases (Supplementary Table 1). Subset analysis again revealed a significant association 
between high CART expression and decreased OS in patients with lymph node-negative 
tumors (P = 0.008; Figure 4d). Cox univariate and multivariate analysis in this subgroup 
revealed that increased CART was associated with reduced OS after adjusting for age alone 
(HR = 2.34, 95% CI 1.09–5.04, P = 0.029) and was also an independent prognostic factor 
(HR = 4.77, 95% CI 1.89–12.05, P = 0.001) in lymph node-negative tumors of pre-
menopausal patients (Table 2).
As half of cohort II received no adjuvant tamoxifen, the untreated arm of cohort II was then 
used to investigate the prognostic ability of CART in the absence of any treatment bias. Cox 
univariate analysis confirmed that CART was associated with a reduced OS (HR = 5.54, 
95% CI 1.85–16.56, P = 0.002), and multivariate analysis demonstrated that CART was an 
independent prognostic factor in untreated lymph node-negative patients (HR = 5.67, 95% 
CI 1.48–21.72, P = 0.011; Table 2).
Brennan et al. Page 5













CART is associated with poor prognosis in tamoxifen-treated ER-positive tumors
Because ligand-independent activation of ERα via phosphorylation of S118 by the MAPK 
pathway has been described as a mechanism of modulating gene expression following 
tamoxifen treatment (Cheng et al., 2007; Yamashita et al., 2008; Zoubir et al., 2008), the 
relationship between CART expression and response to tamoxifen in both MCF-7 cells and a 
second ER+ breast cancer cell line, T47D, was examined. Ectopic expression of CART in 
both cell lines protected from tamoxifen-mediated cell death as measured by fluorescence-
activated cell sorting analysis (Figure 5a).
Having demonstrated that CART mediates ligand-independent activation of ERα 
transcriptional activity in vitro, the effect of CART expression in ER-positive tumors was 
examined. Subset analysis of ER+ tumors in cohort I revealed that increased levels of CART 
protein expression were associated with reduced OS (P < 0.001; Figure 5b), whereas high 
CART expression had no prognostic significance in ER− tumors (P = 0.253). Furthermore, 
as ectopic CART expression in ER+ breast cancer cell lines protected them from tamoxifen-
mediated cell death, the relationship between CART expression and tamoxifen response was 
examined in both cohort I and II.
In cohort I, this analysis was restricted to ER+ postmenopausal women who had received 
tamoxifen and revealed a significantly shorter OS in the group of patients expressing high 
levels of CART (P = 0.002; Figure 5c). Subsequently, cohort II was used to examine the 
relationship between CART expression and tamoxifen response in pre-menopausal patients. 
Reccurence-free survival (RFS) was used as the endpoint in this analysis as this was the 
endpoint used for the original trial (Ryden et al., 2005). Analysis of ER+ tumors expressing 
low levels of CART demonstrated a significant difference in the RFS of the tamoxifen-
treated group compared with the control group (Figure 5d). This effect was lost in ER+ 
tumors with high CART (n = 41; Figure 5e), suggesting that increased CART expression is 
associated with an impaired tamoxifen response in pre-menopausal patients.
As patients in cohort II only received 2 years adjuvant tamoxifen and current guidelines 
suggest a minimum of 5 years adjuvant anti-endocrine therapy (Goldhirsch et al., 2005), the 
relationship between CART expression and tamoxifen response was examined in a third 
independent cohort. Cohort III (Chanrion et al., 2008) consisted of pre- and post-menopausal 
patients treated with 5 years adjuvant tamoxifen. To confirm our findings regarding CART-
regulated expression of ERα in tamoxifen-treated patients irrespective of menopausal status, 
supervised hierarchical clustering was performed comparing the 25 lowest expressing CART 
tumors compared with the 25 highest expressing tumors in cohort III. This demonstrated 
upregulation of ERα-responsive genes, including TFF1, GATA3, IGFBP2, AR and PGR in a 
significant proportion of CART high tumors, while in the CART-low tumors, all of the ER-
responsive genes were downregulated (Figure 5f). In addition, CART mRNA levels were 
higher in patients who recurred on tamoxifen compared with those that remained disease 
free (P = 0.001). Increased levels of CART mRNA were also associated with a reduced RFS 
(P = 0.001; Figure 5g) and OS (P = 0.002; Figure 5h) in cohort III and mulitvariate Cox 
regression analysis confirmed CART was an independent predictor of RFS (HR = 2.33, 95% 
CI 1.17–4.66, P 0.017) and OS (HR = 2.34, 95% CI 1.01–5.59, P = 0.048; Table 3), further 
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confirming that high CART is an independent predictor of outcome in tamoxifen-treated 
patients.
Discussion
To our knowledge, this is the first description of CART expression in breast cancer. The 
majority of work carried out to date on this neuropeptide hormone has concentrated on its 
multiple neurophysiological functions (Rogge et al., 2008). A role for neuropeptides in 
breast cancer is not without precedence, for example, neuropeptide Y, nerve growth factor, 
Oxytocin and Vasopressin have all long been associated with disease progression (Taylor et 
al., 1990; Dolle et al., 2004; Keegan et al., 2006; Ruscica et al., 2007; Adriaenssens et al., 
2008).
We initially demonstrated that CART protein expression in primary breast tumors is 
associated with synchronous expression in lymph node metastases (Figure 1a), indicating a 
possible role in tumor progression. To our knowledge, this is the first description of tumor-
derived CART expression. CART was not expressed in a panel of six breast cancer cell lines 
grown under normal conditions (Supplementary Figure 1A). Despite applying a number of 
approaches that have been used to induce hypothalamic CART (Dominguez and Kuhar, 
2004; Dominguez, 2006), including treating breast cancer cells with estradiol, 
corticosteroids and activating CREB using hypoxia and forskolin, we were unable to induce 
CART expression in vitro (data not shown). However, CART does appear to stimulate an 
autocrine/paracine loop, resulting in the amplification of CART expression when expressed 
ectopically in breast cancer cells (Figures 1c and d), suggesting that the regulation of 
tumour-derived CART expression differs from hypothalamic CART, however this 
mechanism has yet to be fully elucidated. The demonstration of an autocrine/paracrine loop 
may account for the observation that within CART-expressing tumors, all of the tumor cells 
are positive. We are unsure as to why surrounding stroma does not express CART, however, 
it is plausible that only the tumor cells express the, as yet unidentified, CART receptor(s) 
and therefore can transduce the CART signal. The nerve growth factor autocrine loop in 
breast cancer functions in exactly this manner, where tumor cells express the TrkA receptor 
whereas normal breast tissue does not and, consequently, nerve growth factor expression is 
confined to tumor cells (Dolle et al., 2004).
Personalized medicine requires the identification of unambiguous prognostic and predictive 
biomarkers to inform therapeutic decisions (Brennan et al., 2010). Within this context, the 
management of node-negative breast cancer is the subject of much debate and two large 
ongoing clinical trials (TailorX and MINDACT), with particular emphasis on the 
requirement for adjuvant chemotherapy (Cardoso et al., 2008; Zujewski and Kamin, 2008). 
The identification of prognostic and predictive biomarkers in this cohort is crucial to avoid 
aggressive systemic adjuvant chemotherapy which may not be necessary. Here, we 
demonstrate that CART is an independent poor prognostic factor in lymph node-negative 
tumors. These findings suggest that CART profiling could facilitate stratification of lymph 
node-negative breast cancer patients into high- and low-risk categories and allow for the 
personalization of therapy.
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Our observations that CART induces the transcriptional activity of ERα through 
phosphorylation of S118 via the MAPK pathway and predicts outcome in tamoxifen-treated 
patients suggests that CART may have a role in modulating the cellular response to 
tamoxifen. It is well-recognized that ligand-independent activation ER via the MAPK 
pathway leads to phosphorylation of ERα at S118 (Kato et al., 1995), and recent studies 
have demonstrated that increased levels of phosphorylated S118 are associated with 
tamoxifen resistance (Yamashita et al., 2008; Zoubir et al., 2008). Tamoxifen acts as an 
estrogen antagonist via competitive binding to the AF-2 domain of ERα and the recruitment 
of co-repressors rather than co-activators (Shang and Brown, 2002). A wealth of evidence 
supports the role of tamoxifen in the treatment of breast cancer (EBCTG, 2005); however, 
resistance to tamoxifen is a significant clinical problem and the Oxford meta-analysis 
reported a relapse rate of 15%, and an 8% incidence of breast cancer-specific mortality 
within 5 years of the commencement of therapy (EBCTG, 2005).
The introduction of aromatase inhibitors may lead to an improvement in post-menopausal 
women; however, recent results of the ATAC (Arimidex, Tamoxifen, Alone or in 
Combination) and the BIG I-98 (comparing letrozole and tamoxifen) both report recurrence 
rates of ~ 10% in the aromatase inhibitor treatment arms (Howell et al., 2005; Thurlimann et 
al., 2005), suggesting that resistance to aromatase inhibitors will also become a problem 
over time. In pre-menopausal women, tamoxifen resistance may be more prevalent; however, 
it is quite hard to quantify accurately as the majority of pre-menopausal patients receive 
adjuvant cytotoxic chemotherapy. Ryden et al. reported a recurrence rate of 39.7% at 10 
years in the absence of adjuvant chemotherapy (Ryden et al., 2005). An ability to identify 
patients who will not respond to endocrine therapy before commencing treatment would be 
extremely beneficial. Our findings demonstrate that CART predicts outcome in tamoxifen-
treated patients in three independent breast cancer cohorts and, thus, may potentially identify 
a group of patients who require more aggressive adjuvant treatment.
In particular, CART appears to predict outcome in older patients and may have a role in 
post-menopausal endocrine resistance. Increased levels of CART were associated with an 
older age at diagnosis in cohort I, and the mean age in cohort II was 68. Furthermore, given 
that CART mediates ligand-independent activation of ERα in a hormone-depleted cell 
culture system (Figures 2a and b), one may postulate that aromatase inhibitors would do 
little to prevent the activity of CART in post-menopausal breast cancer. We did not have 
access to a relevant patient cohort to investigate this hypothesis in the current study.
Taken together, our findings demonstrate CART to be an independent prognostic marker in 
lymph node-negative breast cancer patients. We have also demonstrated that CART has an 
important role in ligand-independent activation of ERα and poor response to tamoxifen. 
CART appears to be a more significant predicitive marker in post-menopausal patients, and 
mirrors what has been previously observed with leptin (Mantzoros et al., 1999), indeed 
CART has previously been demonstrated to act downstream of leptin in regulating bone 
resporption (Elefteriou et al., 2005). Taken together, these findings suggest that CART may 
be a useful marker in identifying patients at risk of developing resistance to tamoxifen and 
should thus be offered additional cytotoxic therapy.
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Three independent breast cancer patient cohorts were used in this study. The 
clinicopathological characteristics of all cohorts are outlined in Supplementary Table 1. 
Cohort I consisted of 512 consecutive breast cancer cases diagnosed at the Department of 
Pathology, Malmö University Hospital, Malmö, Sweden, between 1988 and 1992 and has 
been described previously (Borgquist et al., 2008). The median age was 65 years (range 27–
96) and median follow-up time to first breast cancer event was 128 months (0–207). 
Complete treatment data were available for 379 (76%) patients, 160 of whom had received 
adjuvant tamoxifen. A total of 23 patients received adjuvant chemotherapy. In all, 200 
patients received no adjuvant systemic treatment. Ethical permission for this study was 
obtained from the Local Ethics Committee at the Lund University (Dnr 613/02).
Cohort II consisted of 564 pre-menopausal women with primary breast cancer from the 
South and Southeast regions of Sweden who enrolled in a multi-centre clinical trial between 
1984 and 1991 (Ryden et al., 2005). Patients were randomly assigned to either 2 years of 
adjuvant tamoxifen (n = 276) or a control group (n = 288). The aim of this clinical trial was 
to examine the effect of tamoxifen on RFS and the study has been described in detail 
elsewhere, including as part of the Oxford meta-analysis (EBCTCG, 1998, 2005). RFS 
considered local, regional, distant recurrences and breast cancer-specific death, but not 
contralateral breast cancer. The inclusion criteria were pre-menopausal patients, or patients 
<50 years, with stage II (pT2 N0 M0, pT1–2 N1 M0) invasive breast cancer treated by 
modified mastectomy or breast-conserving surgery with axillary lymph node dissection. 
Post-operative radiotherapy (50 Gy) was administered after breast-conserving surgery and 
all lymph node-positive patients received locoregional radiotherapy. Less than 2% of the 
patients received adjuvant systemic chemotherapy. The median follow-up time for patients 
without breast cancer events was 13.9 years. TMAs were constructed from 500 patients as 
described previously (Brennan et al., 2006). The study was approved by the Ethical 
Committees at Lund and Linköping Universities.
Cohort III consisted of a gene expression data set published by Chanrion et al. containing 
155 primary breast tumors obtained from patients who had undergone initial surgery 
between 1989 and 2001 at the Cancer Research Center of Val d’Aurelle in Montpellier, the 
Bergonie Institute in Bordeaux, or the Department of Obstetrics and Gynecology of Turin 
(Chanrion et al., 2008). The median follow-up time for all patients was 5.5 years. The aim of 
the study was to identify a gene expression signature associated with poor prognosis in 
tamoxifen-treated patients. All but eight tumors were ER+, and six of the eight ER− tumors 
were PR+. No patient received neoadjuvant systemic chemotherapy. All patients were 
treated with adjuvant tamoxifen (20 mg daily) for 5 years. A total of 121 patients also 
received adjuvant radiotherapy. Recurrence was observed in 52 patients (48 distant 
metastases and four local recurrences) with median relapse time of 3.09 months. Raw gene 
expression data and clinical data were downloaded (http://www.ncbi.nlm.nih.gov/geo/; 
accession number GSE 9893). The log ratio of gene expression values was used without 
further transformation. Tumor samples were classified as high or low CART expressers 
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based on median array hybridization levels. Supervised hierarchical clustering was 
performed using Cluster (version 3.0) (http://bonsai.hgc.jp/Bmdehoon/software/cluster/
software.htm) and heatmaps were produced using Tree View (Version 1.3.3) (http://
jtreeview.sourceforge.net/index.html).
Cell lines and transfections
All cell lines (MDA-MB-231, MCF-7, SKBR3, Hs578T, BT474 and T47D) were obtained 
from the European Collection of Cell Cultures (Salisbury, Wiltshire, UK) and were 
maintained as described previously (Brennan et al., 2006). Stable doxycyclin-inducible 
MCF-7-CART cell lines were generated by cloning full-length human CART from pCMV6-
XL5 into pLenti6 (Invitrogen, Carlsbad, CA, USA), generation of lentiviral particles 
according to the manufacturer’s instructions, infection of target MCF-7 cells and selection 
against Blasticidin.
Plasmids
Full-length human CART cDNA was purchased in a pre-cloned, expression ready plasmid 
vector pCMV6-XL5 (CMV-CART; Origene Technologies, Rockville, MD, USA). VP16-
ERa was obtained from Addgene Inc. (Cambridge, MA, USA; Chang et al., 1999). VP16-
ERalpha-S118A was generated using the Quikchange site-directed mutagenesis kit 
(Stratagene, La Jolla, CA, USA) according to the manufacturer’s instructions with the 
following primer–5′-GCAGGAAAGGCGCCAGCTGCGG-3′. The ERE-TATA-Luciferase 
reporter construct and CMV-Renilla Luciferase construct have been described previously 
(Zwijsen et al., 1998; Epping et al., 2007).
Dual-luciferase reporter assays
Cells were transiently transfected with an ERE-Luc reporter construct together with a CMV-
Renilla luciferase construct (internal control) using Genejuice reagent (Merck, Darmstadt, 
Germany) according to the manufacturer’s recommendations. ER-negative MDA-MB-231 
cells were additionally transfected with wild-type ER or the S118A mutant. The following 
day, cells were transferred to hormone-stripped/phenol red-free media for 48 h and then 
stimulated overnight with 17β-estradiol or recombinant CART peptide (42–89; Phoenix 
Pharmaceuticals Inc., Burlingame, CA, USA). Relative expression of the ERE-Luc reporter 
normalized to Renilla Luciferase levels was measured using the Dual Luciferase Reporter 
Assay kit (Promega, Madison, WI, USA) and a Glomax microplate luminometer with dual 
injector system (Promega). All reporter assays shown represent three independent 
experiments.
Western blot analysis and antibodies
Western blot analysis was performed as described previously (Brennan et al., 2006). Primary 
antibodies used included rabbit anti-CART 42–89 (1:5000), (Koylu et al., 1997), anti-
phospho-extracellular signal-regulated kinase 1/2 (Thr 202/Tyr 204, Santa Cruz Biotech, 
Santa Cruz, CA, USA 1:1000), anti-extracellular signal-regulated kinase 1 (Clone C-16, 
1:1000, Santa Cruz), anti-ERα (Clone 6F-11, 1:250, Novocastra, Newcastle Upon Tyne, 
UK), anti-PR (Clone 636, 1:250 Dako, Glostrup, Denmark), anti-phospho-ERα (Ser118; 
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1:1000, Cell Signaling, Danvers, MA, USA). An anti-β-actin antibody (Clone 8226, Abcam, 
Cambridge, UK) at a dilution of 1:5000 was used as a loading control.
Quantitative SYBR Green real-time–PCR
Total RNA was isolated from cell lines using Trizol (Invitrogen) and reverse transcribed 
using SuperScript II Reverse Transcriptase (Invitrogen) according to the manufacturer’s 
instructions. CART-F (5′-TGGCCAAGTCCCCATGTG-3′) and CART-R (5′-
CGATCCTTGCCCCTTTCC-3′) primers were designed using Primer Express software 
(Applied Biosystems Version 2.0) and used to amplify a CART-specific DNA fragment with 
SYBR Green PCR Master Mix (Applied Biosystems) using a 7900HT Fast Real-Time–PCR 
System (Applied Biosystems, Carlsbad, CA, USA). Relative CART expression levels in 
untreated MCF-7 cells versus MCF-7 cells treated with CART-conditioned medium were 
calculated using the qBase real-time–PCR relative quantification software (Dolle et al., 
2004), with all samples normalized to 18s rRNA. Negative controls included a no template 
control and a no reverse transcriptase control. All quantitative real-time–PCR reactions were 
performed in triplicate.
Flow cytometry
Cells were trypsinized and spun down at 1000 × g for 5 min at 4°C. The media was then 
removed and the cells were resuspended in 1 ml of ice-cold phosphate-buffered saline. Cells 
were then fixed in 70% (v/v) ethanol and incubated for 30 min on ice. The ethanol was 
removed and the cells washed again with ice-cold phosphate-buffered saline. Following 
resuspension in 1 ml of ice-cold phosphate-buffered saline, 40 μl propidium iodide (1 
mg/ml) was added to the cells for DNA analysis. Flow cytometry was carried out on a 
Beckman Coulter Epics XL-MCL (Beckman Coulter, Fullerton, CA, USA). A minimum of 
10 000 events was acquired for each experiment. Doublets and debris were excluded from 
further analysis using manual gating and System II software (Beckman Coulter) was used to 
calculate the proportion of cells in sub-G1 phase.
TMAs and immunohistochemistry
Breast cancer TMAs were constructed as described previously (Ryden et al., 2003) and the 
blocks were stored in the Department of Pathology in Malmö University Hospital, Sweden. 
TMA sections were cut immediately before staining. Sections (4 μm) were dried, de-
paraffinized and rehydrated through descending concentrations of ethanol. Heat-mediated 
antigen retrieval was performed in a citrate buffer (pH 6.0) before being processed in the 
Ventana Benchmark system (Ventana Medical Systems Inc., Tucson, AZ, USA) using 
prediluted antibodies to ER (clone 6F11, Novocastra), PR (clone 16, Ventana) and Her2 
(clone CB11, Ventana), the Dako Techmate 500 system (Dako) for anti-Ki-67 antibodies 
(1:200, M7240; Dako) or the Labvision Autostainer 360 (Lab Vision Products, Kalamazoo, 
MI, USA) for anti-CART antibodies (42–89; 1:5000). 3,3′-diaminobenzidine was used as a 
chromogenic substrate for all immunohistochemistry experiments. For negative controls, 
primary antibody was replaced with an immunoglobulin G isotype control.
ER, PR and Ki-67 were scored as positive if the fraction of positive tumor cells was >10%. 
Her2 staining was evaluated according to a standard protocol and scored as 4 intensities, 
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namely 0–3; these scorings were divided into two groups with normal/weak (0–2) Her2 
expression and overexpression (3+).
Image acquisition, management and analysis
The Aperio ScanScope XT Slide Scanner system (Aperio Technologies, Vista, CA, USA) 
was used to capture whole slide digital images with a × 20 objective. A positive pixel count 
algorithm (Aperio) was used to develop a quantitative scoring model for cytoplasmic CART 
expression, as described previously (Brennan et al., 2008).
Statistical analysis
Differences in distribution of clinical data and tumor characteristics between samples with 
high and low levels of CART expression were evaluated using the χ2 test. Kaplan-Meier 
analysis and the log-rank test were used to illustrate differences between OS and RFS 
according to CART protein and mRNA expression. Cox regression proportional hazards 
models were used to estimate the relationship between RFS and CART protein expression, 
NHG, age, nodal status, ER status, PR status, Her2, Ki-67 and tumor size. Cox regression 
proportional hazards models were also used to estimate the relationship between OS and 
RFS and CART mRNA expression, NHG, age, nodal status and tumor size. The proportional 
hazards assumption was met for each of the comparisons made. All calculations were 
performed using SPSS version 11.0 (SPSS Inc., Chicago, IL, USA). P-value <0.05 was 
considered statistically significant.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CART protein expression in primary and metastatic breast cancer and breast cancer cell 
lines. (a) Immunohistochemical analysis of breast cancer single patients chips demonstrating 
the absence of CART expression in normal breast epithelium (left panel), positive CART 
expression in primary breast cancer (central panel) and a lymph node metastasis from the 
same patient (right panel). CART expression was generally tumor specific and the pattern of 
expression seen was generally cytoplasmic. (b) Western immunoblot analysis of MCF-7 
cells transfected with CMV-CART or empty vector control depicting an increase in ER 
expression, activation of the MAPK pathway (seen by an increase in ERK phosphorylation 
at Thr 202/Tyr 204) and increased expression of the ERα target gene, PR, following ectopic 
expression of CART. Additionally, secretion of CART peptide into MCF-7 culture medium 
is shown. (c) Western immunoblot demonstrating the induction of CART expression in 
MCF-7 cells over time following treatment with CART-conditioned medium. (d) 
Quantitative real-time–PCR demonstrating induction of CART mRNA following treatment 
of MCF-7 cells with CART-conditioned media. (e) Western immunoblot depicting the 
induction of CART expression in MCF-10A and MDA-MB-231 cells over time following 
treatment with CART-conditioned medium. (f) Western immunoblot depicting concentration 
dependent induction of ERα expression following treatment of MCF-7 cells with 1, 10 and 
100 nM of recombinant CART (42–89) peptide.
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CART causes ligand-independent activation of ERαvia activation of the MAPK pathway 
and phosphorylation of ERα at Ser118. (a) Western blot analysis of ligand-independent 
activation of ER via the MAPK pathway following treatment of MCF-7 cells with 
recombinant CART peptide, with and without 30 min pre-treatment of cells with the Mek 
inhibitor U0126. (b) Luciferase reporter assay in MCF-7 cells demonstrating activation of an 
ERE-Luc construct by 10 nM CART and 1 nM E2. (c) Luciferase reporter assay in MDA-
MB-231 cells transfected with either wild-type ERα or S118A ERα demonstrating 
comparable activation of an ERE-Luc reporter by both following induction with 1 nM E2. 
(d) Luciferase reporter assay in MDA-MB-231 cells transfected with either wild-type ERα 
or S118A ERα demonstrating loss of CART-mediated activation of an ERE-Luc reporter by 
both following induction with 10 nM recombinant CART (42–89) peptide. Results of all 
luciferase assays represent three independent experiments and error bars represent s.d.
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Manual and automated immunohistochemical analysis of CART expression. (a) 
Immunohistochemical analysis of primary breast cancer with corresponding markup images 
of automated algorithm used to quantify CART expression. Stromal tissue is mapped in blue 
on the markup image, and CART expression is mapped on an increasing scale from yellow 
(low levels of expression) to red (high levels of expression). (b, c) Box plots depicting the 
correlation between manual and automated analysis in cohorts I and II. Clear separation 
between low CART (0, 1+ and 2+) and high CART (3+) is seen. The Spearman-Rho 
correlation coefficient r = 0.79, P < 0.001. Figures on plots are outliers, and refer to tumour 
id’s.
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CART protein expression is associated with a poor prognosis in lymph node-negative 
tumors. (a) Kaplan–Meier analysis of cohort I (n = 318) demonstrating the association 
between increased CART expression with poor overall survival (OS). (b) Kaplan–Meier 
analysis of lymph node-negative patients in cohort I (n = 168) demonstrating the association 
between high CART expression with poor OS. (c) Kaplan–Meier analysis of cohort II (n = 
372) demonstrating no association between CART expression and outcome. (d) Kaplan–
Meier analysis of lymph node-negative patients within cohort II (n = 101) demonstrating an 
association between increased levels of CART expression and decreased OS.
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Increased levels of CART protein and mRNA expression are associated with poor tamoxifen 
response. (a) Fluorescence-activated cell sorting analysis of Sub-G1 population in MCF-7 
and T47D cells transfected with CART or empty vector and treated with 1 μM tamoxifen for 
48 h or vehicle alone (ethanol). Vehicle alone did not increase the amount of cells in sub-G1. 
Results depicted represent three independent experiments, and error bars represent s.d., 
*P<0.05. (b) Kaplan–Meier analysis of ER+ patients in cohort I (n = 253) demonstrating 
decreased OS associated with increased CART expression. (c) Kaplan–Meier analysis of 
postmenopausal ER+ patients in cohort I who received tamoxifen (n = 92) showing that high 
CART is associated with a reduced OS. (d) Kaplan–Meier analysis of premenopausal ER+ 
patients in cohort II with low CART (n = 198) demonstrating the beneficial effect of 2 years 
adjuvant tamoxifen and (e) loss of response in patients with high CART (n = 41). (f) 
Supervised hierarchical clustering demonstrating up regulation of a number of ERα 
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response genes in tamoxifen-treated breast cancer patients with high levels of CART mRNA. 
(g) Kaplan–Meier analysis of patients in cohort III (n = 155) demonstrating decreased RFS 
associated with high CART mRNA expression. (h) Kaplan–Meier analysis of patients in 
cohort III (n = 155) demonstrating decreased OS associated with high levels of CART 
mRNA expression.
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Table 2
Cox regression analysis of OS in lymph node-negative tumors in cohort II
Lymph node negative (n = 101) Untreated lymph node negative (n = 47)
HR (95% CI) P-value HR (95% CI) P-value
CART Univariate Univariate
 Low 1.00 1.00
 High 2.51 (1.18–5.33) 0.017 5.54 (1.85–16.56) 0.002
CART Age adjusted Age adjusted
 Low 1.00 1.00
 High 2.34 (1.09–5.04) 0.029 5.26 (1.75–5.781) 0.003
CART Multivariate Multivariate
 Low 1.00 1.00
 High 4.77 (1.89–12.05) 0.001 5.67 (1.48–21.72) 0.011
Abbreviations: CART, cocaine- and amphetamine-regulated transcript; CI, confidence interval; ER, estrogen receptor; HR, hazard ratio; OS, overall 
survival.
Multivariate analysis included adjustment for grade, age, nodal status, ER, HER2, Ki-67 and tumor size.
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Table 3
Cox regression analysis of RFS and OS in cohort III (n = 155)
RFS OS
HR (95% CI) P-value HR (95% CI) P-value
CART mRNA Univariate Univariate
 Low 1.00 1.00
 High 2.61 (1.43–4.77) 0.002 2.72 (1.39–5.33) 0.003
CART mRNA Age adjusted Age adjusted
 Low 1.00 1.00
 High 2.53 (1.38–4.65) 0.003 2.71 (1.38–5.33) 0.004
CART mRNA Multivariate Multivariate
 Low 1.00 1.00
 High 2.33 (1.17–4.66) 0.017 2.34 (1.01–5.59) 0.048
Abbreviations: CART, cocaine- and amphetamine-regulated transcript; CI, confidence interval; HR, hazard ratio; OS, overall survival; RFS, 
reccurence-free survival.
Multivariate analysis included adjustment for grade, age, nodal status and tumor size.
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